Evaporation behavior of ZnCl 2 melts and ZnCl 2 -ZnO mixtures in Ar-O 2 -H 2 O atmosphere was observed at 873 K by measuring change of weight and chemical composition. When water vapor or oxygen was added, weight loss of ZnCl 2 decreased, and the effect of water vapor on repression of weight loss was much stronger than that of oxygen. Especially, weight loss stagnated after 20 min at 40 % of weight loss in Ar-5%H 2 O atmosphere. It is considered that the reaction product between zinc chloride and water vapor covered the surface of melt.
Introduction
The dust generated from ironmaking and steelmaking process contains many kinds of metals such as Fe, Zn, Pb, Cd and so on. 1) From the ecological and economical point of view, it is very important to develop the recovery processes of valuable metal elements from these dusts. In Japan, zinc contained in the dust generated from EAF process is recovered by mainly Waelz kiln or MF process and recovered zinc oxide is treated in process for zinc smelting.
2) However, the dust from EAF process also contains much amount of chlorine derived from waste polyvinyl chloride attached to scrap. Chlorine reacts with alkali or heavy metal elements, and chlorides and/or oxychlorides are formed. Generally, metal chlorides have low melting points and high vapor pressures compared with metal oxides. Therefore, recovered materials from these zinc recovery processes contain chlorine and have harmful effect on ISP process for smelting zinc. Since it is difficult to leach chlorine from dust by washing with water during pretreatment, it is very important to investigate melting and evaporation behavior of halides in dust. In addition, the chlorination and evaporation reactions can be utilized to recover valuable metals such as zinc and lead from steelmaking dust. Matsuura et al. measured the chlorination rate of zinc oxide, 3) lead oxide, 4) and zinc ferrite 5) in various Ar-Cl 2 -O 2 atmospheres, and the selective recovery of zinc and lead was also studied. 6) High selectivity of zinc and lead could be achieved by controlling partial pressures of chlorine and oxygen. Cui et al. [7] [8] [9] investigated the Sb removal from copper melt by the use of CuCl, CuCl-CaO and CuCl-Na 2 CO 3 fluxes, and it was clarified that the oxidation and chlorination reactions of antimony in liquid copper and evaporation reaction of CuCl, SbCl 3 and SbOCl from the fluxes are important for the refining of liquid copper and the recycling of valuable metals from used fluxes. In oxygen and chlorine containing atmosphere, formation of zinc and lead oxychloride was reported in recent researches. [10] [11] [12] Therefore, chlorination reaction of zinc oxide by chlorine during dust treatment is very complicated as shown in the previous study.
3 ) In addition, considering the practical operation, water contained in dust and blast air is absorbed to metal chloride, and hydrated chlorides and/or hydroxides are formed. The effect of water vapor on the evaporation behavior of oxychloride is not fully clarified yet. The evaporation behavior of dusts and municipal solid wastes, which contain K, Na, Si, Fe, Zn, Pb and so on, with atmosphere containing water vapor was reported in various papers. [13] [14] [15] [16] [17] [18] However, the reaction mechanisms between metal chlorides and water vapor have not been understood yet. The purpose of present study is to clarify the mechanism of evaporation behavior of ZnCl 2 with Ar-O 2 -H 2 O atmosphere.
Experimental
Evaporation behavior of zinc chloride with Ar, Ar-H 2 O and Ar-O 2 atmospheres was observed by gravimetry. The reagent grade of ZnCl 2 sample was dehydrated in Ar atmosphere at 523 K for 12 h before the experiment. In some experiments, ZnCl 2 was mixed with reagent grade of ZnO at molar ratio of unity (mass ratio ZnCl 2 : ZnOϭ62.61 : 37.39). Figure 1 shows the schematic diagram of experimental apparatus. Water vapor pressure was controlled by bubbling Ar gas in distilled water, which temperature was kept at 313 K to maintain constant water vapor pressure. The path of water vapor was heated by ribbon heater. In the preliminary experiment, the water vapor in the mixed gas was absorbed to CaCl 2 and it is confirmed that the gas is saturated with water vapor from the weight change of CaCl 2 . Oxygen partial pressure was controlled by changing flow rates of Ar and O 2 gases. Each gas flow rate was controlled by mass flow controller. Total gas flow rate was 400 cm 3 /min. Experimental temperature was measured and controlled at 873 K by using Pt-30%Rh/Pt-6%Rh thermocouple. Samples of 1.6 to 2.0 g were held in a mullite boat (Width 12ϫDepth 9ϫLength 60 mm). Experimental time was started when the boat with sample was inserted into the hot zone of an electric furnace. After each experiment, weight of the boat with sample was measured in a glove box filled with dry Ar gas. The chemical compositions of residues in the boat were determined. Zinc content was analyzed by ICP-AES. Chlorine content was analyzed by titration method with silver nitrate (Mohr method) or gravimetry. Oxygen content was analyzed by LECO TC-600 combustion analyzer. Table 1 shows the experimental conditions and results in Ar-H 2 O atmospheres at 873 K. Fraction of weight loss was defined as quotient of weight loss by initial weight of sample. Figure 2 shows the fraction of weight loss with time in Ar-H 2 O atmosphere. The linear relationship between time and fraction of weight loss until about 20 min was observed. Weight loss was observed after solid ZnCl 2 sample was heated and melted. When water vapor was added, amount of weight loss decreased. Especially, when 5 % water vapor was added, weight loss stagnated after 20 min at 40 % weight loss.
Results and Discussion

Evaporation Behavior of ZnCl 2
Since initial weight of sample was almost constant in these experiments, there was also linear part in the relationship between weight loss and time. The rate of weight loss was calculated from the slope of linear part between 5 and 20 min in Table 1 by using least square method. Figure 3 shows the relationship between content of water vapor and rate of weight loss of zinc chloride. The rate of weight loss was 0.049 g/min with pure Ar atmosphere, and it decreased with increasing water vapor content to 0.037 g/min with Ar-5%H 2 O atmosphere. Table 2 shows the experimental conditions and results of experiments in Ar-O 2 atmosphere at 873 K. The change of fractional weight loss with time is shown in Fig. 4 . There was also linear relationship between time and fraction of weight loss until about 30 min in all experiments. Delay of starting weight loss was also observed. The stagnation of weight loss as observed with Ar-5%H 2 O atmosphere at low fraction of weight loss was not observed in the case of Ar-O 2 experiments. Figure 5 shows the relationship between oxygen gas contents and rate of weight loss calculated from each result by the same method as in Ar-H 2 O atmosphere, and the results are compared with the results of Ar-H 2 O atmosphere. The rate of weight loss decreased with increasing oxygen partial pressure. The rate of weight loss was 0.043 g/min with Ar-20%O 2 atmosphere. The effect of oxygen partial pressure on the rate of weight loss was smaller than that of water vapor pressure.
Figures 6 and 7 show the changes of concentrations of zinc and chlorine in sample with time in various atmospheres, respectively. Two horizontal lines in these figures represent the stoichiometric composition of Zn and Cl in ZnCl 2 and ZnOCl, which corresponds to initial composition and reported form of zinc oxychloride, 10) respectively. Zinc and chlorine concentrations did not depend on experimental time and atmosphere. Analyzed specimen compositions were almost equal to the stoichiometric composition of ZnCl 2 .
Although the composition of sample did not change from that of ZnCl 2 , the stagnation behavior was observed for the experiment with Ar-5%H 2 O. Therefore, it is considered that the small amount of the reaction product between zinc chloride and water vapor on the surface disturbs the evaporation reaction of zinc chloride when the water vapor is contained in the atmosphere. Table 3 shows experimental conditions and results of mixture of ZnCl 2 and ZnO with molar ratio of unity (mass ratio ZnCl 2 : ZnOϭ62.61 : 37.39). Figure 8 shows the relationship between weight loss of ZnCl 2 -ZnO mixture and experimental time at 873 K. In Ar atmosphere, weight loss reached and stagnated at about 60 % of initial weight, which value is close to initial ZnCl 2 content. When water vapor was added, the rate of weight loss decreased, and weight loss reached and stagnated at about 50 %, which was smaller than that in Ar atmosphere. When oxygen was added, the final weight loss was almost equal to that in the case of Ar atmosphere. The chemical compositions of residues are shown in Table 4 and Figs. 9 and 10. Zinc concentration of residue increased and chlorine concentration decreased with time, respectively. Moreover, in the case of experiments for 60 min, zinc concentration of sample reached about 80 mass% and chlorine concentration reached zero. It was clarified that the reaction residue was converted to zinc oxide after 60 min experiments.
Evaporation Behavior of Mixture of ZnCl 2 and ZnO
In the case of experiments for 60 min with Ar-H 2 O atmosphere, weight of residue was larger than that of initial Equation (2) was obtained as a function of temperature from the linear regression analysis of free energy of formation of all reactants and products available in the literature. 19) In this experiment, sample mixtures were solid-liquid coexisting state, and composition of the liquid phase at 873 K could be estimated as about 60mol%ZnCl 2 -40mol%ZnO. 20) Assuming that activity coefficients of ZnCl 2 and ZnO are unity, the activities of ZnCl 2 and ZnO at 873 K were 0.6 and unity, respectively. When the water vapor pressure was 0.05 atm, the equilibrium partial pressure of hydrogen chloride was calculated to 2. (5) and (6) . Equation (6) was obtained as a function of temperature from the linear regression analysis of free energy of formation of all reactants and products available in the literature. 19) When the mixture of ZnCl 2 and ZnO with molar ratio of unity was oxidized with Ar-10%O 2 , the equilibrium partial pressure of chlorine was 3.76ϫ10 Therefore, when water vapor was added, a part of zinc chloride in mixture was oxidized by water vapor and zinc oxide was formed. This phenomenon causes the difference of the weight of residue at the stagnation points between atmospheres containing water vapor and others.
Stagnation of weight loss of ZnCl 2 with Ar-5%H 2 O atmosphere is caused by the formation of zinc oxide. Formed zinc oxide would cover the surface of melt and prevent the contact between zinc chloride and gas phase, and thus the evaporation of zinc chloride.
Assuming that sample is a binary mixture of ZnCl 2 -ZnO, each weight change of ZnCl 2 and ZnO was calculated from measured weight and analyzed contents of zinc and chlorine. The weights in residue and weight losses of ZnCl 2 (11) where, W i is the weight of chemical species i in residue, m is the total weight of residue, M i is the molecular weight of chemical species i, C i is the mass fraction of component i in residue, n i is the number of moles of component i in residue, DW i is the weight change of component i in residue, and W i°i s the initial weight of species i in sample, respectively. Calculated total weight change of DW ZnCl 2 ϩ DW ZnO is not equal to measured total weight change of sample. From these results, it is considered that residue does not have composition of ZnCl 2 -ZnO binary system. Figure 11 shows the calculated weight loss of ZnCl 2 . These results were compared with the experimental result of weight loss of ZnCl 2 in Ar atmosphere. In the case of ZnCl 2 -ZnO mixture, initial weight of ZnCl 2 in each sample was about 1.0 g. Thus weight loss of ZnCl 2 stagnated at this value. The rate of weight loss of ZnCl 2 did not change with atmospheres.
As mentioned above, ZnCl 2 in ZnCl 2 -ZnO mixture was lost by evaporation and oxidization. Assuming oxidization and evaporation reactions of ZnCl 2 , weight loss of ZnCl 2 by oxidization and evaporation was calculated by Eqs. (12) and (13) is the weight loss of ZnCl 2 by evaporation. Figure 12 shows the fraction of weight loss of ZnCl 2 defined as quotient of weight loss by initial weight of ZnCl 2 in sample. In the case of Ar-5%H 2 O atmosphere, weight loss of ZnCl 2 after 20 min was due to oxidization and then evaporation stagnated in 20 min. This result could support the formation of ZnO which covered the surface and prevented the evaporation of ZnCl 2 with Ar-H 2 O atmosphere as mentioned above. Figure 13 shows the calculated weight change of ZnO in residue. In the cases of Ar and Ar-10%O 2 atmospheres, weight of ZnO in residue decreased in 20 min. After this time, weight of ZnO increased and total weight change of ZnO became almost zero. On the other hand, when water vapor was added, weight of ZnO in residue increased with time.
One of the reasons for the decrease of weight of ZnO is the effect of moisture absorbed in ZnCl 2 . Since the decrease of ZnO weight in residue was in range of 0 to 0.05 g, this value is large enough compared with the value of weight change of ZnO. The other reason is a possibility of formation of zinc oxychloride by the reaction between ZnCl 2 and ZnO. The formation and evaporation of zinc oxychloride causes the decrease of zinc and chlorine contents. These possibilities would cause the differences between observed and calculated ZnCl 2 and ZnO amounts in residue, since the present calculation is based on the assumption that the residue is ZnCl 2 -ZnO binary mixture. However, the effect of moisture and formation of zinc oxychloride on calculated weight of ZnO may be smaller than that of formation of ZnO by the reaction with water vapor as shown in reaction (1). Therefore, the decrease of weight of ZnO could be observed in the cases of Ar and Ar-O 2 atmosphere. Figure 14 shows chemical compositions of residues on the ternary diagram of the Zn-O-Cl system. Although initial sample was a mixture of ZnCl 2 and ZnO, the residue was not binary mixture of ZnCl 2 -ZnO. In the case of short time experiments, zinc concentrations of residues are smaller compared with that of ZnCl 2 -ZnO binary system. The one of the reasons is the effect of moisture absorbed in sample during analysis. It would lower zinc and chlorine concentration. The other reason is formation of zinc oxychloride. In this case, it is predicted that evaporated species is not only ZnCl 2 but also zinc oxychloride.
Conclusions
Evaporation behavior of ZnCl 2 and ZnCl 2 -ZnO in Ar-O 2 -H 2 O atmosphere was observed at 873 K. The results are summarized as follows.
(1) When water vapor or oxygen was added, weight loss of ZnCl 2 decreased, and the effect of water vapor on repression of weight loss was stronger than that of oxygen.
(2) When water vapor was added, ZnCl 2 was oxidized and ZnO was produced. It is considered that formed zinc oxide covered the surface of melt and prevented the contact between zinc chloride and gas phase, and thus the evaporation of zinc chloride. Therefore, weight loss stagnated in Ar-5%H 2 O atmosphere.
(3) In the case of experiment of ZnCl 2 -ZnO mixture, chemical composition of residue became almost same as that of ZnO after 60 min.
(4) When water vapor was added, zinc oxide was formed in ZnCl 2 -ZnO mixture. It caused larger weight of residue at stagnation points.
